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Abstract

The human metapneumovirus (HMPV) fusion protein (F) mediates fusion of the viral envelope
and cellular membranes to establish infection. HMPV F from some, but not all, viral strains
promotes fusion only after exposure to low pH. Previous studies have identified several key
residues involved in low pH triggering, including H435 and a proposed requirement for glycine at
position 294. We analyzed the different levels of fusion activity, protein expression and cleavage of
three HMPV F proteins not previously examined. Interestingly, low pH-triggered fusion in the
absence of G294 was identified in one F protein, while a novel histidine residue (H434) was
identified that enhanced low pH promoted fusion in another. The third F protein failed to promote
cell-to-cell fusion, suggesting other requirements for F protein triggering. Our results demonstrate
HMPV F triggering is more complex than previously described and suggest a more intricate
mechanism for fusion protein function and activation.
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Introduction

Human metapneumovirus (HMPV) is a recently discovered enveloped, negative-sense,
single-stranded RNA virus. Although first identified in 2001, HMPV has now been shown to
be a cause for respiratory tract infections in humans worldwide since at least 1958 (1-3).
Nearly everyone is initially infected by five years of age and reinfection is common
throughout life (4). Infection leads to a variety of symptoms ranging from coughing and
wheezing to pneumonia and bronchiolitis, potentially requiring to hospitalization in severe
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cases. In addition, infants, immunocompromised, and elderly patients most likely to develop
severe infections (1, 5-11). While HMPV is ubiquitous and responsible for severe upper and
lower respiratory tract infections, there is still no FDA approved antiviral treatment or
vaccination available. Therefore, a more thorough understanding of the viral lifecycle and
molecular mechanisms required for infection are needed to discover novel antiviral targets.

HMPYV is phylogenetically classified into two genetic lineages (A and B) and further
characterized into sub-lineages (A1, A2, B1 and B2) based on the sequences of two surface
glycoproteins: the fusion protein (F) and the attachment protein (G) (12). To infect cells,
enveloped viruses fuse their membrane with host cell membranes, a process mediated by one
or more viral surface glycoproteins. In the instance of HMPV, this process is mediated by F
alone Jin vitroand in vivo, whereas closely related paramyxoviruses require both F and G
(13-15). F is a homo-trimeric class | fusion protein present within viral membranes as well
as membranes of infected host cells. To become activated, F is proteolytically cleaved from
the precursor form (Fg), into the metastable, disulfide-linked heterodimer (F1+F») (16, 17).
Cleavage can be accomplished by the addition of exogenous trypsin /n vitro (15), although
in vivo it is thought that F is cleaved by secreted or cell surface proteases present in the host.
Once cleaved, HMPV F can be triggered to undergo an essentially irreversible and
energetically favorable conformational change from the pre-fusion form to the post-fusion
state with released potential energy driving membrane fusion (15, 18-20).

HMPV particles have been shown to be internalized via clathrin mediated endocytosis in
human bronchial epithelial cells through a dynamin dependent mechanism (20, 21). Further
evidence demonstrated that for HMPV, viral and host membrane fusion takes place within
the endosomes (21). Some strains of HMPV, mainly within clade A, utilize low pH
generated through endosomal acidification as a mechanism to trigger the fusion protein,
similar to HA from influenza. However, this is proposed to not be true for all strains of
HMPV (15, 18-21). For fusion proteins that are triggered by low pH, it is hypothesized that
repulsive electrostatic forces between critical residues lead to global protein destabilization,
initiating the conformational transition from the pre-fusion to post-fusion state (22-24). It
has been proposed that specific histidine (H) residues become protonated at low pH and
subsequently interact with neighboring basic residues to destabilize the pre-fusion state and
initiate membrane fusion. In HMPV F, H435 within the globular head is thought to serve as
a pH sensor (19, 20). Recently, a high resolution structure of a stabilized pre-fusion HMPV
F [NL/1/00(A1)] was solved [PDB: 5WBQ] (25). This structure revealed that lysine (K) 20
and glutamic acid (E) 433 interact to form a potential salt bridge. Under low pH conditions,
protonation of the neighboring H435 may lead to cation electrostatic repulsion driving
conformational changes and promotes membrane fusion. Studies with recombinant HMPV
containing mutations in this region have confirmed its importance for viral infectivity (19,
26). Additional residues have been identified as playing a role in low pH triggered fusion,
including K296, W396, and N404. Furthermore, studies using F proteins from prototype
strains from each clade have suggested that fusion induced by low pH is restricted to clade A
virus fusion proteins, and glycine (G) 294 is critical for low pH triggered fusion (18, 19).
However, few HMPV F proteins have been studied in each clade and therefore additional
analysis is needed to further understand this mechanism.
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In this study, we examined three previously uncharacterized HMPV F proteins for their
fusion activity, protein expression, and cleavage activation levels. The first F protein, cloned
from TN83-1211, contained a unique H434 residue, adjacent to a previously characterized
histidine at 435 demonstrated to be critical for low pH fusion. Protein mutagenesis in our
reference strain supports its contribution to increased fusion at low pH and more efficient
cleavage by trypsin. The second F protein, cloned from TN94-49, is able to promote low pH
mediated fusion without G294, although this residue was previously identified as critical for
this mechanism of membrane fusion. The third HMPV F protein, cloned from TN96-12,
contains E at position 294. Interestingly, TN96-12 was unable to mediate fusion at either
neutral or low pH conditions, or in the presence of the attachment protein, G. This finding
suggests additional factors are necessary to trigger the F protein. Taken together, these
results further demonstrate the complexity of HMPV F mediated membrane fusion and the
significant phenotypic differences observed with only a few amino acid changes.

Materials and Methods

Cell lines

Vero cells(ATCC) and BSR cells (provided by Karl-Klaus Conzelmann, Max Pettenkofer
Institut) were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco Invitrogen,
Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS, Sigma). BSR cell media
was supplemented with 0.5 mg/ml G-418 sulfate (Gibco Invitrogen, Carlsbad, CA) every
third passage to select for T7 polymerase-expressing cells.

Plasmids and antibodies

HMPV virus strains were kindly provided by the designated sources: CAN97-83 (Peter
Collins and Ursula J. Buchholz, NIAID), TN94-49, TN96-12 and TN83-1211 (BEI
Resources). Viral RNA (VRNA) was isolated from viruses propagated in Vero cells by
phenol-chloroform extraction and resuspended in 50uL. DEPC treated water.

The F genes were amplified from vVRNA by RT-PCR using the Superscriptlll One Step RT-
PCR system (Invitrogen) according to the manufacturer’s protocol with the following
settings: 1 cycle at 55°C for 30 min, 1 cycle at 94°C for 2 min, 40 cycles of the following
three steps: 94°C for 15 sec, 60°C for 2 min, 68°C for 1 min, then 1 cycle at 68°C for 5 min.
The amplified product was cloned into the pPCAGGS-MCS eukaryotic expression plasmid.
The CAN97-83 434H F mutant was created using the gene cloned in pGEM-3Zf(+) by site-
directed mutagenesis using QuikChange (Stratagene) and subsequently sub-cloned into
pCAGGS-MCS. All F expression plasmids were sequenced in their entirety, and BioEdit
was used for sequence analysis. Monoclonal antibody 54G10, which maps to the antigenic
site 5/6 of HMPV F, was used for immunoprecipitation and expression assays. The epitope
is conserved within the F proteins used in this study. (27, 28).

Syncytia assay

Subconfluent monolayers of \Vero cells were transiently transfected with a total of 2 pg of
DNA consisting of pPCAGGS-HMPV F derived from each isolate or empty pPCAGGS-MCS
vector using Lipofectamine and Plus Reagents (Invitrogen) according to the manufacturer’s

Virology. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kinder et al.

Page 4

instructions, and a syncytia assay performed as described (15). Syncytia images were taken
with a Nikon Coolpix995 camera mounted on a Nikon TS100 inverted phase-contrast
microscope using a 5x objective. Quantification of syncytia formation is reported as a fusion
index, as previously described (29). Briefly, the fusion index was calculated using the
equation f = [1-(C/N)] where C is the number of cells in a field after fusion and N, the
number of nuclei. Six fields were scored per condition representative of 3 independent
experiments.

Reporter gene fusion assay

Vero cells were transfected using Lipofectamine and Plus Reagents with 1.5 ug pCAGGS-
HMPV F derived from each F isolate or empty pCAGGS-MCS vector, and 1.5 pg of plasmid
containing luciferase cDNA under the control of the T7 promoter (Promega). Three
independent experiments were conducted for the luciferase reporter gene assay was
performed as described (15).

Surface expression of proteins, metabolic labeling, and immunoprecipitation

Vero cells were transiently transfected with 2 ug pCAGGS expression vectors using
Lipofectamine and Plus Reagents. At 18 to 24 hrs post-transfection, cells were starved in
methionine- and cysteine-deficient DMEM for 45 min and then metabolically labeled with
Tran35S-label (100 uCi/ml; MP Biomedicals) for 3 hr in the presence of 3.0 ug/mL TPCK-
trypsin. Surface biotinylation and immunoprecipition using monoclonal antibody 54G10 and
protein A-conjugated Sepharose beads (Amersham, Piscataway, N.J.) were performed as
previously described (30). The immunoprecipitated F proteins were analyzed via SDS-15%
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using the Typhoon imaging
system. Four independent experiments were quantified.

Statistical analysis

Results

One-way ANOVA analysis with post hoc Bonferroni multiple comparisons test was used to
analyze the data using GraphPad Prism 7. Statistical significance is noted for P< 0.05 (*),
P<0.005 (**), P<0.0005 (***) and P<0.0001 (****). Error bars indicate standard deviation.

To examine HMPV fusion, F protein genes were cloned from three available HMPV strains:
TN94-49, TN96-12 and TN83-1211, all isolated in the Williams laboratory and propagated
and stored at BEI. These F isolates were sequenced and compared to a low pH prototype
strain, CAN97-83, used as a positive control in these studies. HMPV F is highly conserved,
and therefore few amino acid changes were detected between strains. The TN94—49 F clone
differed from CAN97-83 F by only 6 amino acids (Fig. 1D, Fig. S1). One notable difference
was residue 294, which contained K294 instead of G294, a glycine residue previously
suggested as essential for low pH triggered fusion for clade A HMPV F proteins (18). When
comparing TN96-12 F clone to CAN97-83 F, 9 amino acid changes were present, including
E294 instead of G294. Lastly, the F isolate from TN83-1211 only differed from CAN97-83
by two amino acids, S175 and H434, and did not match the published isolate sequence of
TN83-1211. However, this mutation was present in several clones analyzed, suggesting the
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viral stock may have had a heterogeneous population of virus present. For clarity, we refer to
this protein as S175H434 F. The presence of a unique amino acid in S175H434, H434,
instead of the highly conserved Q434 in all other published strains, led us to further study
this F isolate. The neighboring residue H435 is hypothesized to play a critical role in
electrostatic repulsion with neighboring residues after protonation at low pH, acting as a
physiologic timing sensor to promote fusion. Based on these findings, we hypothesized that
the second histidine at position 434 could potentially be involved in fusion of S175H434
after exposure to low pH, similar to the function observed for H435. In addition, TN94-49
containing K294 and TN96-12 containing E294 were of interest to assess the role of these
amino acids in low pH mediated fusion compared to G294.

To determine whether these F isolates were able to promote neutral or low pH-mediated
membrane fusion, we first conducted a syncytia assay. As previously reported, CAN97-83 F
promoted fusion when exposed to low pH and was therefore used as a positive control for
low pH triggered fusion (Fig. 1A). TN94-49 F generated syncytia following low pH
treatment, similar to CAN97-83 F, but no syncytia formation was observed at neutral pH.
Interestingly, TN96-12 F was unable to generate cell-to-cell fusion at both neutral and low
pH, whereas S175H434 F generated minimal background syncytia at neutral pH and robust
syncytia formation after exposure to low pH that was significantly higher than the syncytia
observed with CAN97-83 F (Fig. 1A, quantified in 1B). To confirm our findings in the
syncytia assay, we utilized a luciferase reporter assay as a second cell-to-cell fusion assay
metric. Consistent with the syncytia assay, TN94-49 F exhibited no fusion above
background at neutral pH, and low pH induced activity similar to that of CAN97-83 F, while
S175H434 F exhibited significantly higher (nearly 500%) low pH-induced fusion activity
compared to CAN97-83 F. Again, TN96-12 F-mediated fusion was undetectable above
background levels (Fig. 1C).

F S175H434 differs from CAN97-83 F by only two amino acids yet demonstrates
significantly increased low pH-induced membrane fusion (Fig.1 A—C). H435 has been
implicated in low pH-mediated triggering, so it appeared that H434 might serve a similar
role. To examine the contribution of H434 in fusion, we generated a point mutation in
CAN97-83 WT F using site-directed mutagenesis, changing Q at position 434 to H
(CAN97-83 Q434H). We then conducted both syncytia and luciferase reporter assays to
examine fusion activity of this mutant. Interestingly, syncytia assays demonstrated that
CAN97-83 Q434H was able to recapitulate the high level of fusion observed for S175H434
(Fig. 1A), and quantification of the fusion activity demonstrated a similar fusion profile to
that of S175H434 (Fig. 1B). The luciferase reporter assay again confirmed that CAN97-83
Q434H demonstrated fusion activity similar to S175H434 and significantly higher than WT
CAN97-83 F (Fig. 1C). Together, these results demonstrate that the hyperfusogenic
phenotype observed in S175H434 is primarily mediated by a single amino acid change,
Q434H.

Fusion mediated by F requires that the protein is synthesized, trafficked to the surface and
proteolytically processed. As fusion is correlated with cell surface expression and cleavage
activation, we utilized radioactive metabolic labelling coupled with surface biotinylation to
examine both total and surface protein expression and cleavage activation profiles for each F
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isolate. Interestingly, we identified significant differences in the total and surface protein
expression levels between the F proteins. Compared to CAN97-83 WT F, TN94-49 F had
similar levels of total (Fo+F;) and surface expression, (Fig. 2A and quantified in B), which
correlated with the similar fusion activities found for these proteins (Fig. 1C). The two F
proteins shown to promote high levels of fusion, S175H434 and CAN97-83 Q434H, both
displayed higher average total protein expression (approximately 6-fold and 3-fold,
respectively, compared to CAN97-83 F; Figure 2A and B), though this difference was only
statistically significant for S175H434 F. The two highly fusing F proteins also displayed
higher average surface protein expression (approximately 10-fold and 7-fold, compared to
CAN97-83), though again statistical significance was only reached for S175H434 F. These
results suggest that higher surface expression levels may be at least partially responsible for
the higher levels of fusion observed for S175H434. However, TN96-12 F failed to promote
fusion, despite similarly high surface expression, demonstrating that surface expression is
only one factor contributing to overall fusion (Fig. 1B). These findings demonstrate that a
single amino acid change was able to increase the fusion protein expression compared to
WT, suggesting that this area of the protein is involved in protein stability or turnover and
offering a potential explanation for the phenotypes observed.

HMPV F is synthesized as an inactive, monomeric protein that must be proteolytically
processed into the heterodimeric, disulfide linked F1 and F», in order to mediate fusion. /n
vitro, exogenous trypsin cleaves the protein within the cleavage motif to generate the
fusogenically active form. Due to the requirement of cleavage for fusion, we examined the
relative amount of trypsin cleavage for each F variant. To identify a potential role for

Fy
(FO +F
quantified for the surface population of F (Fig. 2C). Interestingly, F variants that were more
highly expressed, S175H434, TN96-12, and CAN97-83 Q434H were cleaved at
significantly higher levels than CAN97-83 or TN94-49, potentially contributing to the
observed hyperfusogenic phenotypes (Fig. 2C). Though the higher levels of CAN97-83

Q434H protein expression did not reach statistical significance, this protein displayed
significantly higher levels of protein cleavage compared to CAN97-83 WT F.

proteolytic activation by trypsin on fusion activity, percent cleavage % 100| was

1

These findings suggest the hyperfusogenic phenotypes observed for S175H434 F were due
in part to the presence of higher levels of F at the surface as well as increased cleavage
activation. The finding that CAN97-83 Q434H yielded significantly increased membrane
fusion and cleavage suggests H434 is important for this phenotype. Conversely, TN96-12,
which failed to mediate cell-to-cell fusion in both syncytia and luciferase reporter assays,
was significantly more abundant in total, and approaching significantly higher surface
populations (p=0.0685). In addition, it wascleaved significantly higher when compared to
CAN97-83 F. Although cleaved significantly higher when compared to CAN97-83 F,
TN96-12 F was unable to mediate fusion in cell-to-cell fusion assays suggesting there may
be other factors necessary for triggering of this F isolate which are not present on the cell
surface.
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Discussion

In this study we examined the fusion activity, expression and cleavage of three previously
uncharacterized F proteins. Previously, we have reported low pH-promoted membrane
fusion for CAN97-83, and others have reported this phenomenon only within clade A
strains of HMPV (15, 18-20), with a glycine residue at position 294 (G294) described as a
requirement for low pH-promoted fusion (18). However, TN94-49 F contains a lysine (K) at
this position and promotes fusion after exposure to low pH, indicating that either of these
residues can be present at position 294 in an HMPV F protein which promotes low pH-
induced fusion (Fig. 3). Genetic variability analysis of HMPV F proteins demonstrated that
position 294 is one of two positively selected sites with relaxed selective constraints for the
amino acids G, K or E, indicating that when one of these are present at this position, viral
fitness is unaffected (31). Analyses from the Melero group (18, 19) indicated that E294 was
present with neutral pH fusing F proteins, while previous results from several groups showed
low pH fusion with F proteins containing G294. Our findings demonstrate that K294 can
also be present in a low pH induced F protein. Additional amino acids at positions 296, 396
and 404 (Fig. 3) have been described to modulate low pH fusion sensitivity (19). However,
these amino acids are completely conserved in the strains of HMPV examined in this study
(Fig. S1).

HMPV F S175H434 displayed a hyperfusogenic phenotype and significantly increased
protein expression of both total and surface populations compared to CAN97-83 F, but only
two amino acid changes were present between the two proteins. One notable amino acid
difference was H434, which is in close proximity to a previously identified amino acid,
H435, shown to be important for low pH triggered fusion. We generated a CAN97-83
mutant, containing Q434H, and demonstrated this single amino acid mutation could
recapitulate the hyperfusogenic phenotype and expression patterns observed for S175H434
F. Due to its close proximity, H434 may contribute to low pH mediated fusion through a
similar mechanism to H435, which has been hypothesized to interact with surrounding
residues and, upon protonation, destabilize the pre-fusion form to initiate refolding to the
post-fusion form. Recently, a high resolution pre-fusion structure of HMPV F was
published. Examination of the structure suggests the need for destabilization in the heptad
repeat B region to trigger the refolding event to the post-fusion conformation (25). This
structure also suggests a model for the role of H435 in fusion, as a potential electrostatic
disruption between E433 and K20 by protonated H435 upon acidification could provide this
destabilization (Fig. 3A and C). Additionally, K438 could play a role given the close
proximity of the residue to the H434 and H435 amino acid positions, potentially enhancing
this destabilization and increasing fusion activity (Fig. 3A and D) (26). Lastly, there are
significant differences in the overall protein expression of F from the examined strains,
suggesting a potential role in protein folding, overall stability, or turnover rates for H434.
When examining known sequences of HMPV F proteins, H434 was not present, which
suggests that the hyperfusogenicity conferred by this amino acid may not be beneficial to
HMPV infectivity. For parainfluenza virus 3 (P1V3), a closely related paramyxovirus,
enhancement of receptor binding and fusion within the monolayer was detrimental for
replication in human airway epithelium and /n vivo during infection in cotton rats (32).
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However, when examining a hyperfusogenic F protein mutant from a more closely related
pneumovirus, respiratory syncytial virus, there were increased viral loads, severe lung
pathology and weight loss in mice compared to controls (33), so whether hyperfusogenicity
is preferentially selected by HMPV during infection is not well understood. Interestingly,
when HMPV was incubated with the neutralizing monoclonal antibody 54G10, one of the
detected escape mutations was Q434H. No changes in binding affinity of 54G10 for the
Q434H mutant were detected, suggesting that this mutation may introduce structural
changes into the F protein which provide some potential benefit (34).

Our results show that TN96-12 was also highly expressed in both total and surface
populations but does not mediate fusion in cell-to-cell fusion assays. Co-expression of
TN96-12 F with G at neutral or low pH was not sufficient to induce syncytia formation in
cell culture (data not shown), indicating that lack of the G protein is not the reason for the
absence of fusion. TN96-12 HMPYV is a clinical isolate, able to initiate infection in patients
as well as propagate in cell culture, and thus must have a functional fusion protein.
Therefore, our findings point toward the need for other host factors required for fusion of
some HMPV strains in order to escape the endosome and initiate infection, and the lack of
fusion in our assays suggests these factors may not be present on the cell surface. Currently,
heparan sulfate proteoglycans and RGD binding integrins are proposed cellular factors for
association and entry of HMPV through endocytosis (21, 35-37). It is possible that there are
other critical factor(s) within the endosome that interact with HMPV F and trigger the fusion
protein, similar to the use of the endosomal receptor NPC-1 by Ebola virus GP (38).

Taken together, the results in this study highlight the diversity of HMPV F activity and the
complexity associated with fusion. Our results indicate that the contribution of a single
amino acid can be responsible for observed phenotypes, demonstrating that minor
evolutionary changes can lead to significant phenotypic differences that alter HMPV
infection and tropism. Further studies are necessary to better understand and elucidate key
contributing factors of fusion protein stability, cleavage and host factor interaction required
for HMPV infection, as well as which key residues and regions of the F protein are vital for
fusion and entry of the virus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The fusion protein from several analyzed strains of human metapneumovirus

displays significant differences in fusion activity.

Changes in one or a few amino acids can result in alterations in protein
stability or function.

An F protein with a lysine at 294 efficiently promoted low-pH triggered
fusion, in contrast to previous reports that a glycine residue at this position
was essential for low-pH triggering.

Virology. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kinder et al. Page 13

MOCK CAN97-83 S175H434 TN94-49 TN96-12 CAN97-83 Q434H
=77 :

B C
0.6 -pHSEpH77//L .pHS -pH7 10 -pHSEpH77//L .pHS-pH7
XXX pry
FHEH T
x ﬁ i FREK
3 04 —
= Er
S
= o
g £,
=
2 02 5
32
i
*-X;** F XXX
e S T a3 o RS
¢ SN
¥ E & & F
B N B & &, S & P
& 9
& o
D 290 300 430 440

CAN97-83 VKAAPSCSGKKGNYA QLSKVEGEQHV I KGR
S175H434 VKAAPSCSGKKGNYA QLSKVEGEHHVIKGR
TN94-49 VKAAPSCSKKKGNYA QLSKVEGEQHV I KGR
TN96-12 VKAAPSCSEKKGNYA QLSKVEGEQHV I KGR

¥ X K KX ¥ ¥ ¥ * K K X ¥ ¥ * N K K X K XK T O N XK ¥

Fig 1. HMPV F proteins from different strains exhibit variable fusion activity promoted by low
pH.

(A) Representative images of syncytia formation of cells expressing the HMPV F proteins
after pulses at pH 5 or pH 7 (7= 3). (B) The fusion index was calculated using the equation f
= [1 - (C/N)] where C is the number of cells in a field after fusion and N, the number of
nuclei. Six fields were scored per condition representative of 3 independent experiments.
“*”s indicate statistical significance compared to fusion for CAN97-83 (A2) F after pH 5
pulses (n=3) [* p<0.05, ** p<0.005, *** p<0.0005 and **** p<0.0001]. Graph was broken
into two experiments (denoted by the graph break and colors: red/orange bars represent
independent experiment from green/blue). Statistical significance within these assays is
compared to CAN97-83 within each independent experiment. (C) Luciferase reporter gene
assay of Vero cells transfected with HMPV F upon which BSR cells were overlaid and
subjected to two pH pulses. Data are presented and normalized to CAN97-83 (A2) F
luminescence (fusion) at pH 5 (n = 3) +/- standard deviation. * Indicates statistical
significance compared to CAN97-83 F after pH 5 pulses. Graphical representation and
statistics were conducted as described in B. (D) Partial protein sequence analysis of F from 4
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strains of HMPV surrounding key residues at positions 294 and 435. Sequence alignment

was generated using ClustalW. The asterisk “*” indicates identical residues and the colon “;
indicates conserved substitutions.
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Fig 2. HMPV F protein expression and cleavage by exogenous trypsin.
(A) Representative gels of total and surface protein expression in metabolically labeled Vero

cells expressing empty vector pPCAGGS-MCS (Mock), CAN97-83 F, S175H434 F, TN94-
49 F, TN96-12 F, and mutant CAN97-83 Q434H F in the presence of 3.0 pg/ml of TPCK-
trypsin. (B) Quantification of the total and surface protein populations for F (Fp and Fq
forms) in metabolically labeled Vero cells. Data are presented as normalization to CAN97-
83 (A2) F expression, which was set to 1 (n = 4). “*”s Indicate statistical significance
compared to F for CAN97-83 F (= 4) [# P<0.07, * p<0.05, ** p<0.005, *** p<0.0005 and
**** n<0.0001]. (C) Quantification of the relative amount of fusion protein cleavage within
the surface population of F calculated using F1/(F1 + Fp) and normalized to CAN97-83, set
as 1.
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Figure 3: HMPV residues identified thus far involved in low pH mediated fusion.
A) The pre-fusion homo-trimeric structure of HMPV F of NL/1/00 (pdb: 5WB0) with

residue positions identified for low pH fusion highlighted including (B) 396 (C) 20, 433,
434, 435(D) 294, 296, 396, 404 and 438. The HRB region was predicted using LearnCoil
score for viral membrane fusion proteins as described (39, 40) and stretches from position
453-487 of the fusion protein.
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